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ABSTRACT
We present high-resolution (∼ 35 au) ALMA Band 6 1.3 mm dust polarization observations of IRAS
16293. These observations spatially resolve the dust polarization across the two protostellar sources
and toward the filamentary structures between them. The dust polarization and inferred magnetic
field have complicated structures throughout the region. In particular, we find that the magnetic
field is aligned parallel to three filamentary structures. We characterize the physical properties of
the filamentary structure that bridges IRAS 16293A and IRAS 16293B and estimate a magnetic field
strength of 23-78 mG using the Davis-Chandrasekhar-Fermi method. We construct a toy model for
the bridge material assuming that the young stars dominate the mass and gravitational potential of
the system. We find that the expected gas flow to each star is of comparable order to the Alfve´n speed,
which suggests that the field may be regulating the gas flow. We also find that the bridging material
should be depleted in ∼ 103 yr. If the bridge is part of the natal filament that formed the stars,
then it must have accreted new material. Alternatively, the bridge could be a transient structure.
Finally, we show that the 1.3 mm polarization morphology of the optically thick IRAS 16293B system
is qualitatively similar to dust self-scattering. Based on similar polarization measurements at 6.9 mm,
we propose that IRAS 16293B has produced a substantial population of large dust grains with sizes
between 200 and 2000 µm.
1. INTRODUCTION
Dust polarization is often used to trace magnetic
fields in star-forming regions. The polarization sig-
natures are attributed to spinning, nonspherical dust
grains that are preferentially aligned with their short
axes parallel to the direction of the magnetic field (e.g.,
Dolginov & Mitrofanov 1976; Hoang & Lazarian 2008).
The cause of this alignment is still under debate, but
in the most commonly accepted theory, the dust grains
precess around the magnetic field lines due to radia-
tive alignment torques (RATs) from an anisotropic ra-
diation field (e.g., Andersson et al. 2015). The resulting
polarization structure is observed parallel to the mag-
netic field direction for stellar extinction and perpen-
dicular to the magnetic field for thermal dust emission
(Cho & Lazarian 2007; Lazarian 2007). Dust is also
ubiquitous in star-forming regions over multiple scales,
meaning that observations of dust polarization can be
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used to possibly trace magnetic fields from clouds down
to cores and protostellar disks.
On cloud scales, previous observations from the ex-
tinction of background starlight (e.g., Goldsmith et al.
2008; Palmeirim et al. 2013; Franco & Alves 2015) and
thermal dust emission (e.g., Planck Collaboration et al.
2016; Soler et al. 2016, 2017) give a bimodal relationship
between the plane-of-sky magnetic field direction and the
direction of parsec-sized filaments or elongated clouds
based on density. Low column density (< 5×1021 cm−2)
clouds generally show inferred magnetic field orienta-
tions that are along their long axes, whereas high den-
sity (> 5 × 1021 cm−2) clouds have inferred magnetic
fields that are orthogonal to their long axes. This distinc-
tion in field orientation with cloud density is mainly at-
tributed to how the gas condensed out of the interstellar
medium. The low-density clouds are non-self-gravitating
and are produced by gas flowing along the field lines
(e.g., Hennebelle & Chabrier 2013; Klassen et al. 2017;
Mocz & Burkhart 2018). The high-density clouds, how-
ever, are self-gravitating and are formed by gravitational
contraction that occurs preferentially along the field pro-
ducing flattened structures with major axes perpendicu-
lar to the field lines (Mestel & Spitzer 1956; Mouschovias
1976; Nakamura & Li 2008; Soler & Hennebelle 2017).
On core scales, self-gravity is expected to domi-
nate such that the flux-frozen magnetic field will be
dragged inward, producing an hourglass structure (e.g.,
Mestel & Strittmatter 1967; Galli & Shu 1993). If
the magnetic field is weak, the contraction is mainly
isotropic, resulting in a highly pinched hourglass mor-
phology. If the field is strong, collapse is suppressed
in the direction perpendicular to the field, which lim-
its the pinch and creates a flattened structure (Field
21965; Crutcher 2012; Hull et al. 2017b). Previous ob-
servations have shown hourglass magnetic field mor-
phologies toward both low-mass and high-mass cores
indicative of a weak field (e.g., Girart et al. 2006;
Rao et al. 2009; Stephens et al. 2013; Qiu et al. 2014;
Kandori et al. 2017; Kwon et al. 2018).
On disk scales, magnetic fields may be wrapped up
into a toroidal morphology as the field lines are twisted
by rotation in the disk, although a poloidal compo-
nent may be necessary to drive disk winds and out-
flows (e.g., Blandford & Payne 1982; McKee & Ostriker
2007; Tomisaka 2011). Several recent studies, how-
ever, have shown that dust polarization in disks can
also arise from other mechanisms independent of mag-
netic fields due to substantial grain growth. Large
(> 10 µm) dust grains can produce a polarized signa-
ture at (sub)millimeter wavelengths through Rayleigh
self-scattering if the radiation field is anisotropic (e.g.,
Kataoka et al. 2015, 2016a; Pohl et al. 2016; Yang et al.
2016a, 2017), or these grains can align with their
long axes perpendicular to the flux gradient of radia-
tion due to radiative torques (Lazarian & Hoang 2007;
Tazaki et al. 2017). The most recent high-resolution
dust polarization observations of protostellar and pro-
toplanetary disks from ALMA have shown polarization
morphologies more indicative of these other mechanisms
than magnetic fields (e.g., Kataoka et al. 2016b, 2017;
Stephens et al. 2017b; Lee et al. 2018; Cox et al. 2018;
Hull et al. 2018; Harris et al. 2018; Bacciotti et al. 2018).
Only a few sources have observations that are consistent
with magnetically aligned dust grains on < 100 au scales;
HH 111 (Lee et al. 2018), B335 (Maury et al. 2018),
VLA 1623 (Sadavoy et al. 2018), BHB07-11 (Alves et al.
2018), HD142527 (Ohashi et al. 2018).
Here we present high-resolution (35 au) 1.3 mm dust
ALMA polarization observations of IRAS 16293-2422
(hereafter IRAS 16293) that show highly ordered po-
larization vectors. IRAS 16293 is a nearby (≈ 140
pc; Ortiz-Leo´n et al. 2017; Dzib et al. 2018), very bright
Class 0 protostellar system in the L1689 region of Ophi-
uchus. It has two main sources (hereafter IRAS 16293A
and IRAS 16293B) that are separated by ∼ 5′′ or 700
au, although IRAS 16293A shows substructure at high
resolution at radio frequencies (e.g., Mundy et al. 1992;
Chandler et al. 2005). IRAS 16293B is considered a
single source with an optically thick, near face-on disk
(Pineda et al. 2012; Zapata et al. 2013; Oya et al. 2018).
Both sources also host hot-core chemistry on . 50 au
scales and have been the subject of numerous chemi-
cal studies (e.g., Scho¨ier et al. 2002; Kuan et al. 2004;
Chandler et al. 2005; Jørgensen et al. 2011, 2016).
IRAS 16293 also has extended dust emission bridging
IRAS 16293A and IRAS 16293B that was first identified
in high resolution ALMA observations (e.g., Pineda et al.
2012; Jørgensen et al. 2016). Several recent studies have
attempted to model the bridge structure. Jacobsen et al.
(2018) conducted a radiative transfer model assuming
the bridge material was a curved cylinder that is heated
on either end by the young stars. van der Wiel et al.
(submitted) expanded on this initial model using dense
molecular gas tracers as an additional constraint. They
proposed that the dust bridge is the remnant of the initial
filamentary core from which the IRAS 16293A and IRAS
16293B stars formed.
Here, we spatially resolve the dust polarization across
this bridge structure for the first time. We find uniform
polarization vectors in this region that we attribute to
magnetic grain alignment. Rotating these polarization
vectors by 90◦, we find that the inferred plane-of-sky
magnetic field direction of the bridge material is parallel
to its filamentary shape. Such parallel magnetic field ori-
entations have not been previously seen at these scales.
This alignment was hinted at in previous, lower reso-
lution observations (Rao et al. 2009, 2014), but is well
resolved in the present ALMA observations. In Section
2, we describe the ALMA observations. In Section 3
we show the continuum data, the observed polarization
structure, and the inferred magnetic field morphology.
In Section 4, we characterize the magnetic field orienta-
tion and strength in the bridge material. In Section 5,
we discuss the implications of the parallel field alignment
and the origins of the bridge material. We also discuss
the polarization of the IRAS 16293B disk in relation to
dust self-scattering. Finally, in Section 6, we provide our
conclusions.
2. OBSERVATIONS
IRAS 16293 was observed in full polarization in Band 6
(1.3 mm, 233 GHz) with ALMA on 2017 May 20, July 11,
and July 13 as part of a larger Cycle 3 (2015.1.01112.S)
polarization survey of embedded protostellar systems in
Ophiuchus. Details of these observations are discussed
in Sadavoy et al. (2018). IRAS 16293 was observed with
two separate pointings, with one field centered on IRAS
16293A and the other centered on IRAS 16293B. Two
pointings were used because IRAS 16293A and IRAS
16293B are ≈ 5′′ apart (e.g., Jørgensen et al. 2016),
which is larger than the expected maximum recover-
able scale for the array configuration (see below). While
we include two pointings to better recover the extended
emission between the two stars, we caution that polariza-
tion observations of extended emission are reliable only
within the inner third of the primary beam (∼ 8′′). The
total time on each pointing was ≈ 7 minutes. Full details
on the observations for the entire survey will be provided
in a future article.
The two IRAS 16293 fields were cleaned and self-
calibrated separately. Following the same approach as
outlined in Sadavoy et al. (2018), each field was cleaned
interactively, and several self-calibration attempts were
performed to test both phase and amplitude self calibra-
tion. For the final maps, we first applied two rounds of
phase-only self-calibration with decreasing solution in-
tervals from infinity (full schedule block) to 30 seconds
and then a single iteration of phase and amplitude self-
calibration with a long (equivalent to infinite) solution
interval. Following all rounds of self-calibration, we ex-
amined the phase and amplitude solutions and the signal
over all baselines to ensure that the solutions were good
and the amplitudes were consistent from one iteration
to the next. For all iterations of clean, we use a robust
weighting of 0.5, a taper of 0.1′′, and the multiscale op-
tion with 1, 2.5, and 5 beams to better recover extended
emission.
For the final map, we performed a deep clean with both
fields mosaicked together. Since the emission detected
toward IRAS 16293 is contained within the inner third
of the primary beams for both fields, it is safe to mosaic
3these data (ALMA Helpdesk #12418, private commu-
nication). For the Stokes I observations, we ran clean
in interactive mode with multiscale and user-defined
masks, whereas for the Stokes Q, U, and V observations,
we used noninteractive clean. The final map sensitivi-
ties are 280 µJy beam−1 for Stokes I and 25 µJy beam−1
for Stokes Q, U, and V with an absolute flux calibration
uncertainty of 10%. We note that the individual Stokes
I, Q, and U maps from each field are identical to the
the final mosaic observations with slightly better signal
to noise. Both the individual and mosaicked Stokes I
maps are dynamic range limited because IRAS 16293 is
so bright (peak S/N ∼ 2000 in Stokes I), whereas the
Stokes Q, U, and V maps have peak S/N . 200 and
do not appear to be dynamic range limited. The map
resolution is 0.28′′ × 0.23′′ (≈ 35 au) and the maximum
recoverable scale is 2.6′′ (360 au) as defined by a fifth per-
centile baseline of 102.275 m and an average elevation of
80◦.
3. RESULTS
3.1. Continuum Results
Figure 1 shows the Stokes I mosaic map of IRAS 16293
with the main sources, A and B, labeled. The figure
also shows extended continuum emission between the two
sources. This dust emission has been seen previously
from ALMA observations, with the material between
the two sources identified as a “bridge” and the exten-
sions from IRAS 16293A and IRAS 16293B as “stream-
ers” (e.g., Pineda et al. 2012; Jørgensen et al. 2016). We
use this same terminology here and refer to the material
connecting the two sources as the Bridge, the extension
south from IRAS 16293A as the A-Streamer, the exten-
sion east from IRAS 16293B as the B-Streamer. Figure
1 further resolves the Bridge into two parallel structures
that are also seen in Jørgensen et al. (2016).
Figure 1 shows very distinct morphologies for IRAS
16293A and IRAS 16293B. IRAS 16293A is elongated
and highly extended, whereas IRAS 16293B is com-
pact and circular. These morphologies agree well with
previous ALMA observations of the dust continuum
for this region (e.g., Pineda et al. 2012; Jørgensen et al.
2016; Jacobsen et al. 2018). In general, IRAS 16293A is
thought to be an edge-on source and IRAS 16293B is con-
sistent with a face-on disk geometry (Oya et al. 2018).
The continuum map of IRAS 16293A is relatively
smooth. Previous observations, however, found multi-
ple substructures in observations at 15-300 GHz and res-
olutions of ≈ 0.4′′ (e.g., Wootten 1989; Chandler et al.
2005; Loinard et al. 2013; Chen et al. 2013). Two sub-
structures in particular, Aa and Ab, appear to trace ther-
mal dust emission indicative of two distinct stars These
sources are not seen in Figure 1 due to confusion with
bright, extended emission at shorter baselines. We re-
move this extended emission using clean with uv dis-
tances > 600 kλ and uniform weighting. Figure 2 shows
contours from this higher resolution map (beam of 0.18′′
× 0.09′′; 25 au × 13 au) on the full Stokes I image of
IRAS 16293A (e.g., a zoom-in from Figure 1). Indeed,
by imaging only the largest baselines, we resolve the Aa
and Ab continuum structures from previous interfero-
metric studies (Chandler et al. 2005; Chen et al. 2013).
Table 1 gives the positions of IRAS 16293A and IRAS
Figure 1. ALMA 1.3 mm Stokes I observations of IRAS 16293.
The A and B sources are labeled. The synthesized beam size is in
the lower-left corner.
Figure 2. High-resolution image of IRAS 16293A (contours) over-
laid on the full Stokes I continuum data. The higher resolution
map was created using uv distances > 600 kλ and uniform weight-
ing to remove the extended emission around the two sources. The
contours show levels of 25%, 40%, 60%, 80%, and 95%, of the
peak intensity. The Aa and Ab components (Chandler et al. 2005;
Chen et al. 2013) are resolved in the filtered map. The synthe-
sized beam sizes for the background image (grey) and the contours
(black) are given in the lower-left corner.
16293B from fitting Gaussian functions to each object
4in CASA. We also include the positions of each com-
ponent from the higher resolution map shown in Fig-
ure 2. We note that a second peak is seen between
Aa and Ab, which could be associated with the A1 or
A2β radio sources (Loinard et al. 2013). Identification
of this structure is unclear, however, given that no other
(sub)millimeter study found a corresponding detection
toward these radio sources and that the radio emission in
the region has complicated motions from different ejecta
(e.g., Imai et al. 2007; Pech et al. 2010).
Table 1
Position of compact sources in IRAS 16293
R.A. (J2000) Decl. (J2000) Beam (arcsec)
Full Map
IRAS 16293A 16:32:22.873 -24:28:36.63 0.28× 0.23
IRAS 16293B 16:32:22.613 -24:28:32.61 0.28× 0.23
High-Resolution Map
IRAS 16293Aa ⋆ 16:32:22.880 -24:28:36.71 0.18× 0.09
16:32:22.874 -24:28:36.81 0.18× 0.09
IRAS 16293Ab 16:32:22.890 -24:28:36.52 0.18× 0.09
IRAS 16293B 16:32:22.607 -24:28:32.64 0.18× 0.09
⋆ We give two positions for IRAS 16293Aa centered on the two
peaks seen in Figure 2.
3.2. Polarization Results
The Stokes Q and U observations are combined to
calculate the polarization intensity (PI), position an-
gles (θ), and fraction (PF ). The polarization intensity
is determined from PI =
√
Q2 + U2. In regions where
the Stokes Q and U data are not well detected, the po-
larized intensity has a positive bias that must be re-
moved. We use a basic maximum likelihood characteri-
zation to debias the polarized intensities (e.g., following,
Simmons & Stewart 1985; Vaillancourt 2006),
PI =
√
Q2 + U2 − σPI2, (1)
where Q and U are the Stokes Q and U intensities at each
pixel and σPI is the noise in the polarization map. We
assume σPI ≈ σQ ≈ σU for simplicity. This approach
to debias dust polarization is reliable for well-detected
measurements with PI/σPI > 4 (Vaillancourt 2006).
The polarization position angle and polarization frac-
tion are defined as
θ =
1
2
tan−1
U
Q
(2)
PF = PI
I
. (3)
The polarization position angles are measured from −90◦
to 90◦, North to East. We also assume an error of
σθ =
1
2
σPI
PI
(4)
for the position angles (Hull et al. 2014), which corre-
sponds to σθ . 7
◦ for PI/σPI > 4. We adopt a polar-
ization fraction uncertainty of 0.1% for the instrument
polarization. This polarization fraction error is consid-
ered appropriate for extended emission within the inner
third of the primary beam10.
Figure 3 shows the Stokes Q, Stokes U, and the de-
baised polarization intensity maps of IRAS 16293. We
see substantial structure in the individual Stokes Q and
U maps for both protostars. We note that the two indi-
vidual fields for IRAS 16293 gave consistent results for
Stokes I, Q, and U. We also find strong detections > 30σ
of Stokes V toward IRAS 16293B, but the two individ-
ual fields gave inconsistent values. The emission changes
from positive in one field to negative in the other field
with different magnitudes. At the time of these observa-
tions, Stokes V data were not well constrained by ALMA.
As such, we do not use the Stokes V data in this study.
Figure 4 shows the polarization morphology and the
inferred magnetic field orientation for IRAS 16293 from
our ALMA observations. Hereafter, we use the term “e-
vector” to refer to the unrotated, observed polarization
position angles and “b-vector” to refer to the rotated,
inferred magnetic field orientation. We note that these
are not true vectors, as dust polarization only gives a
polarization angle with an 180 degree ambiguity. We
show the e-vectors and b-vectors for regions with I > 3 σI
and PI > 4 σPI , where the black b-vectors correspond to
regions with I > 5 σI and PI > 5 σPI . Both the e-vectors
and b-vectors have been scaled by their corresponding
polarization fraction, with a reference of 4% given in the
lower-right corner.
3.3. Inferred Magnetic Field Morphology
Figure 4 shows the most detailed polarization map
of IRAS 16293 to date. The polarization and inferred
magnetic field morphologies are both highly organized.
The global pattern matches well what has been seen at
coarser resolutions with the Submillimeter Array (SMA;
Rao et al. 2009, 2014; Galametz et al. 2018), but the
higher resolution data presented here show distinctly uni-
form structures toward IRAS 16293A and IRAS 16293B
as well as the Bridge and two streamers (e.g., see Sec-
tion 4.1). There is also a zone of distinctly unpolarized
dust at a 4 σ level through the Bridge and between the
Bridge and the B-Streamer. This depolarization zone
spans roughly one beam and passes through the Bridge
near the center point between the two stars. We note
that the dust emission remains depolarized even if we
relax our criteria to σPI/PI > 3. We discuss the depo-
larization in Section 5.1.3.
The magnetic field morphology is highly organized
with distinct structures seen around each source and
a parallel morphology along the filamentary Bridge, A-
Streamer, and B-Streamer. There are hints of the hour-
glass magnetic field shape that was previously identified
toward IRAS 16293A by Rao et al. (2009) using polar-
ization data from the SMA. With our higher resolution
observations, however, this pinched pattern breaks up
into a more complicated morphology. The polarization
directly on the brightest emission of IRAS 16293A is rel-
atively uniform with b-vector position angles of ∼ −40◦.
This position angle changes significantly away from this
main part. For the A-Streamer, the position angles are
mainly between ∼ 0− 40◦, whereas above IRAS 16293A,
the polarization smoothly changes from 40◦ to 0◦ to 60◦
going from East to West. We note that some of this mag-
10 ALMA Technical Handbook.
5Figure 3. Maps of Stokes Q (left), Stokes U (middle) and debiased polarized intensity (right) for IRAS 16293. The thin contours in the
right panel show a polarized intensity level of 4 σPI . Note that the polarized intensity map uses a log scaling, whereas the Stokes Q and
U maps use linear scaling. The synthesized beam size is in the lower-left corner.
Figure 4. Left: Polarization e-vectors overlaid on the debiased polarization intensity map. All vectors correspond to I > 3 σI and
PI > 4 σPI and are Nyquist sampled along the major axis. Right: Inferred magnetic field direction of IRAS 16293 overlaid on the Stokes
I intensity map. The same polarization e-vectors from the left panel are rotated by by 90◦ to show the b-vector morphology. The vectors
in black represent the most robust b-vectors with I > 5 σI and PI > 5 σPI . For both panels, the vector lengths are scaled by their
polarization fraction, with a reference scale of PF = 4% given in the lower-right corner. The synthesized beam size is in the lower-left
corner.
netic field structure is evident in Rao et al. (2009). Thus,
hourglass shapes detected on coarse resolutions may not
truly trace smoothly contracting fields when examined
at higher resolution.
IRAS 16293B also shows hints of pinched magnetic
field lines at its periphery. This pinched structure is
6seen outside of the the compact, optically thick, dense
hot core and disk. The field shows a distinct inward
curvature that is separate from B-Streamer. Neverthe-
less, we caution that the magnetic field structure toward
IRAS 16293B is not well characterized by our observa-
tions. First, we lack observations on shorter baselines to
trace fully the magnetic field morphology at large angu-
lar extents. The pinched pattern is only hinted at with
a few vectors and may be confused by the B-Streamer.
Second, the magnetic field morphology toward the bright
IRAS 16293B hot core and disk is likely complicated by
polarization signatures from dust self-scattering. We dis-
cuss polarized self-scattering in Section 5.2.
4. MAGNETIC FIELD IN THE FILAMENTARY
STRUCTURES
One of the most striking features in Figure 4 is the
alignment between the field orientation and the filamen-
tary structures in IRAS 16293. Figure 4 shows that the
projected plane-of-sky magnetic field is parallel to the
Bridge, the A-Streamer, and the B-Streamer. In this
Section, we characterize these filamentary structures us-
ing a filament-finding algorithm and then compare their
orientation to the position angles of the neighboring b-
vectors.
4.1. Filamentary Structure Properties
We use the filament-finding algorithm FilFinder2D
(Koch & Rosolowsky 2015) to produce a skeleton dia-
gram of all filamentary structures in IRAS 16293. Since
FilFinder2D is designed to identify large-scale filaments
with widths of ∼ 0.1 pc rather than small-scale structures
with widths of < 100 au (E. Koch 2018, private commu-
nication), we had to construct a user-defined mask to
allow the program to work on 100 au scales. The user-
defined mask is constructed using a mask of I > 5 σI
to select the brightest emission associated with IRAS
16293. We further apply an intensity cut of I < 9 σI
in the small region between the Bridge and B-Streamer
to account for the gap between them, and also an in-
tensity cut of I < 12 σI near IRAS 16293A and IRAS
16293B to remove bright emission around the protostars
that biases the algorithm. These thresholds are chosen
so that the resulting skeletons by eye trace the curvature
of the Bridge and streamers.
Figure 5 shows the skeleton outline of IRAS 16293
from running FilFinder2D on our data with our user-
defined mask. By eye, the skeleton outline has good
agreement with the Stokes I emission. We clearly recover
the Bridge, A-Streamer, and B-Streamer as shown in Fig-
ure 1 and Jørgensen et al. (2016). The Bridge material
breaks up into multiple filamentary structures with two
main parallel branches (the northern one connects to the
B-Streamer) and several connecting subbranches. Here-
after, we focus on the southern Bridge branch (see Figure
5), which is the brightest and most polarized branch (see
Figure 4). The southern Bridge skeleton is a bit jagged
because of the subbranches, however. To represent its
continuous shape with a smooth function, we fit a sim-
ple y =
√
x curve to the skeleton. The dashed yellow
curve in Figure 5 shows this best-fit function.
Although the main Bridge branches have similar inten-
sities, there are clear, resolved dips in intensity between
them. Figure 6 shows vertical intensity slices through
Figure 5. Skeleton outlines for the filamentary structures in IRAS
16293 from FilFinder2D. The background image shows the Stokes I
map (see Figure 1), and the black lines show the skeleton outlines.
The three regions further discussed in the text are labeled with
dotted boxes to show the regions used in Section 4.2. The dashed
yellow curve shows the best-fit function for the main Bridge skele-
ton, which was too jagged to use directly in Section 4.2 (see text).
The synthesized beam size is in the lower-left corner.
the Bridge and B-Streamer over a range across the area
of the B-Streamer as defined in Figure 5. The reference
point for all the slices is the midpoint between the Bridge
and B-Streamer skeletons (i.e., where the dips reach a
minimum intensity). Overall, we find that the intensity
drops by up to a factor of two between the Bridge and
B-Streamer.
Figure 6. Stokes I intensity slices in the vertical direction through
the Bridge and B-Streamer. The reference position for the slice is
the midpoint between the two skeletons. The solid black curve
shows the slice through the peak of the Bridge and the dark grey
curve shows the slice through the peak of the B-Streamer. The
dashed horizontal line shows a 5σI value.
74.2. Field Orientation
We quantify the degree of agreement between the mag-
netic field orientation and the filamentary dust structures
in IRAS 16293 by measuring the difference in angle be-
tween the dust structure skeleton and the b-vectors. For
simplicity, we consider only those pixels within the re-
gions shown in Figure 5 within the dotted boxes. The
dotted boxes correspond represent regions with sufficient
b-vectors that have PI/σPI > 5 and I/σI > 5 (see Figure
4).
Figure 7 shows the distribution of angle difference be-
tween the skeleton slope and b-vector orientation for
the B-streamer (left), Bridge (middle), and A-Streamer
(right). For each pixel in the defined regions, we identify
the closest skeleton and measure the slope at that posi-
tion. For the Bridge, we use the derivative of the dashed
curve in Figure 5 to measure its slope, whereas for the
A-streamer and B-streamer, we use the slope of the skele-
ton from a linear-least squares fit to 5 pixels centered on
the nearest pixel. The angle differences are defined as
0◦ corresponding to parallel and 90◦ corresponding to
perpendicular. Figure 7 shows that the magnetic field
morphology is primarily oriented within 30◦ of the fila-
mentary structures in IRAS 16293 and that the distri-
butions peak near 0◦. The Bridge and B-Streamer show
the most peaked profiles, whereas the A-Streamer has a
broader distribution.
Figure 8 compares the cumulative angle difference pro-
files (colored curves) of each region with the expected
profiles for a random, parallel, and perpendicular mag-
netic field (black curves) using a large Monte Carlo sam-
ple. This figure is a variation of the Monte Carlo samples
used in Hull et al. (2014) and Stephens et al. (2017a).
First, we generate a large Monte Carlo sample of 100,000
randomly defined 3-D vectors to represent the field ori-
entation. Second, we project these vectors onto 2-D to
determine the plane-of-sky field orientation. Third, we
measure the angle difference between the projected mag-
netic field vector and a fixed vector that represents the
filamentary structures. For simplicity, we assume that
the filamentary structures are all in the plane-of-the-sky
and can be represented by a single position angle on the
sky. Figure 8 shows nine cases from this Monte Carlo
sample. The eight solid lines represent the expected pro-
files for subsamples of vectors with 3-D orientations that
range from 0 − 20◦ to 0 − 90◦ in steps of 10◦ for the
upper bound. The case where the vectors are between
0 − 90◦ represents a random magnetic field orientation.
The dashed curve shows the profile for a perpendicu-
lar magnetic field, where the 3-D vectors are between
60−90◦ from the fixed axis. The Bridge and B-Streamer
have profiles that are most similar to 0−30◦ distribution
and the A-streamer mostly has vectors between 0− 50◦.
We note that the observed profiles in Figure 8 are mea-
sured from Nyquist sampling the magnetic field position
angles within the beam and as such, they do not repre-
sent completely independent samples. Nevertheless, even
if we undersample the observations by taking only one
data point per beam, we still find profiles that parallel
distributions with angles < 30 − 50◦ and that all three
distributions deviate significantly from both random and
perpendicular.
Figures 7 and 8 show that the magnetic fields in
the filamentary structures are generally biased toward
a parallel morphology. To quantitatively test these
distributions, we conduct the two-sample Kolmogorov-
Smirnov (KS) test (Kolmogorov 1933; Smirnov 1948;
Massey 1951) and the Anderson-Darling (AD) test
(Anderson & Darling 1952, 1954) between the observed
distributions and the projected 3-D distributions from
the Monte Carlo sample (see Figure 8). These statisti-
cal tests assume a null hypothesis that the observed and
modeled data are drawn from the same sample. This null
hypothesis is rejected if the distribution functions of the
two samples have a large deviation. While generally sim-
ilar in practice, the AD test is more sensitive to the tails
of the distribution function than the KS test, making it a
more powerful statistic (Stephens 1974; Hou et al. 2009).
We use the KS test as a more popular measure and the
AD test to ensure that we can robustly reject or accept
the null hypothesis for each of the assumed distributions.
For the perpendicular and random cases, we find very
similar, low p-values11 of≪ 10−10 from both the AD and
KS tests. Thus, the magnetic field is statistically incon-
sistent with randomly aligned or primarily perpendicular
morphologies in each of the filamentary structures. For
the parallel cases, we find that the B-Streamer is statisti-
cally consistent with a distribution of < 30◦ (p ≈ 0.4−0.5
from the AD and KS tests) and we cannot reject the
null hypothesis. The KS test gives a marginally criti-
cal value between the A-Streamer and the distribution
of < 50◦ (p ≈ 0.06) at the 5% level, but the AD test
indicates these two distributions are statistically incon-
sistent. Since the A-Streamer distribution has a long tail
(see Figure 7), we use the AD test results instead and
reject the null hypothesis. Both the KS test and the AD
test indicate that the Bridge is inconsistent (p < 0.005)
with all of the tested distributions, which is not surpris-
ing given the tail in its angle histogram (see Figure 7).
Thus, the magnetic field morphologies of the filamentary
structures are mainly parallel, but the field orientations
in the A-Streamer and Bridge are statistically more com-
plex than a simple, mostly parallel distribution.
4.3. Field Strength
We estimate a magnetic field strength for the Bridge
using the Davis-Chandrasekhar-Fermi (DCF) method
(Davis 1951; Chandrasekhar & Fermi 1953). In brief,
this method assumes that any fluctuations in the mag-
netic field is produced by turbulence in the cloud. These
fluctuations can be estimated by the dispersion in polar-
ization angle, where higher degrees of dispersion indicate
a more random magnetic field. Following Crutcher et al.
(2004), we calculate the plane-of-sky magnetic field
strength as,
B = Q
√
4piρ
σv
σθ
, (5)
where ρ is the gas density, σv is the velocity dispersion
of the gas, σθ is the dispersion in polarization angle, and
Q is a scaling factor to account for the three-dimensional
project effects. We adopt Q = 0.5 (Ostriker et al. 2001).
11 Low p-values indicate that you can significantly reject the null
hypothesis.
8Figure 7. The alignment between the filamentary structures and magnetic field orientation. An angle of 0◦ corresponds to parallel and
90◦ corresponds to perpendicular. The three panels show the B-Streamer, southern Bridge region, and the A-streamer, respectively. The
thick histograms show the angle difference between the observed b-vector position angles and the direction of each elongated structure
within the regions outlined in Figure 5.
Figure 8. The cumulative distribution of angle difference in each
region. The blue, purple, and green curves show the profiles for
the Bridge, A-Streamer, and B-Streamer, respectively. The black
curves show the projected 2-D angle differences relative to a fixed
axis from a Monte Carlo sample of 100,000 randomly selected 3-D
vectors. The solid curve shows the expected profiles for a sub-
sample of vectors with 3-D orientations that range from 0 − 20◦
to 0 − 90◦ in steps of 10◦ for the upper bound. The profile with
vectors between 0 and 90◦ of the fixed axis represents a random
sample and is labeled as such. The dashed curve shows the equiv-
alent distribution for a mainly perpendicular magnetic field with
vectors between 60− 90◦ only.
This equation can be written as,
B = 22mG
( n
106 cm−3
)1/2 ( σv
1 km s−1
)( σθ
deg
)−1
. (6)
We focus on the southern Bridge branch, because it
is the longest, brightest, and most coherent filamen-
tary structure. For the velocity dispersion, we adopt
σv = 0.75 km s
−1 from C17O (3-2) line emission (M. van
der Wiel 2018, private communication). The Bridge is
well detected in C17O gas emission (see also, Favre et al.
2014), with the gas following the curvature seen in dust
continuum (van der Wiel et al. submitted; see also,
Jacobsen et al. 2018). We note that this velocity disper-
sion is a factor of two higher than the H13CO+ (4-3) value
used in Rao et al. (2009) for their magnetic field strength
calculation. Rao et al. (2009) measured the velocity dis-
persion from SMA observations at ∼ 2′′ resolution and
mostly represents the kinematics of IRAS 16293A rather
than the Bridge.
For the dispersion in polarization position angles, we
use the b-vectors with PI/σPI > 5 and I/σI > 5 (see
Figure 4) to ensure robust detections. Figure 7 shows a
peaked distribution in polarization angles with a tail to-
ward smaller angles. These smaller angles correspond to
a slight rotation in position angle seen along the middle
of the Bridge near the depolarization zone (see Figure 4).
If we exclude these twisted vectors and fit a Gaussian to
the peak distribution, we find σθ ≈ 5◦. If we take the
standard deviation of the entire distribution, including
the twisted vectors, we find σθ = 17
◦. We consider this
full range for the magnetic field strength calculation.
We estimate the Bridge density by measuring its mass
and volume. Figure 6 shows 85 intensity slices through
the Bridge, and we use the average of these intensity
slices to determine the flux density and width of the
Bridge. The average slice has a median flux density of
3.4 mJy beam−1 and a FWHM of 0.96′′ (134 au). We
also adopt length for the Bridge of 3′′ (420 au) based on
where the filament shows uniform b-vectors. This length
excludes the section of the Bridge near IRAS 16293A
that is south of the depolarization zone and the section
of the Bridge that curves toward IRAS 16293B. As a
result, our adopted length is smaller than the 636 au
used in previous assessments (Jacobsen et al. 2018, ; van
der Wiel submitted). Using the aforementioned median
flux density and Bridge dimensions, we estimate a total
flux of 0.13 Jy. We convert this thermal dust emission to
mass and column density following a modified blackbody
function,
M =
Sνd
2
κνB(ν, T )
, (7)
where Sν is the total flux at 233 GHz, d is the dis-
tance, κν is the dust and gas mass opacity, and B(ν, T )
is the blackbody distribution for a dust temperature
T . We assume a temperature of 30 K (Jacobsen et al.
2018) and a dust opacity at 233 GHz of 0.01112 cm2 g−1
at 1.3 mm following the theoretical measurements from
Ossenkopf & Henning (1994) for gas densities of 108
cm−3 and a gas to dust ratio of 100. Thus, we find a total
mass of 0.026 M⊙ for the Bridge, a typical column den-
sity of 1.1×1024 cm−2, and a typical density of 5.6×108
cm−3, assuming a mean molecular weight per hydro-
gen molecule of 2.8 for a cloud of 71% molecular hydro-
gen gas, 27 % helium, and 2% metals (Kauffmann et al.
2008), and that the Bridge can be treated like a cylinder.
Assuming n = 5.6 × 108 cm−3, σv = 0.75 km s−1
9and σθ = 5 − 17◦, we find a magnetic field strength of
B = 23− 78 mG. Alves et al. (2012) measured a line-of-
sight field strength of 110 mG from Zeeman splitting in a
water maser toward IRAS 16293A and Rao et al. (2009)
measured 4.5 mG from the Davis-Chandrasekhar-Fermi
method with coarser resolution (2′′, 280 au) dust polar-
ization observations, assuming the latent magnetic field
follows an hourglass morphology. For Alves et al. (2012),
water masers are associated with high-density post-shock
gas. Since flux-frozen magnetic fields scale with den-
sity, we should expect higher field strengths from water
masers than with a quiescent Bridge of gas between bi-
nary stars. In the case of Rao et al. (2009), they mea-
sured a density that was lower than our estimate for the
Bridge by roughly an order of magnitude and a velocity
dispersion that was a factor of two smaller. As men-
tioned above, the Bridge density is highly uncertain and
could be overestimated by our assumed temperature and
dust opacity. Rao et al. (2009) also measured the mag-
netic field strength across IRAS 16293A assuming it fol-
lows an hourglass shape, whereas we measure the field
strength across the Bridge between IRAS 16293A and
IRAS 16293B. There is no reason these measurements
should be identical. We see a lot more structure in the
field pattern around IRAS 16293A than what was seen
by Rao et al. (2009), and do not attempt to compare it
with an hourglass morphology.
Uncertainties in dust opacity and dust temperature,
however, can affect these mass and density measure-
ments by an order of magnitude. In attempt to bet-
ter constrain models, van der Wiel et al. (submitted)
used radiative transfer models of both dust continuum
and dense molecular line tracers for the Bridge. They
treated the Bridge like a curved cylinder of length 636
au that is being heated by two luminous stars on either
end (e.g., following Jacobsen et al. 2018). While they
find a preferred peak density of 7.5 × 108 cm−3, which
is in agreement with our value, they suggest that the
Bridge likely has densities between 4 × 104 cm−3and 3
× 107 cm−3 based on nondetections of several molecules
with critical densities of ∼ 108 cm−3. If we instead adopt
their upper limit density estimate of 3 × 107 cm−3, our
magnetic field strengths will decrease by a factor of 4.
Nevertheless, the critical densities of molecular species
do not directly translate to physical densities (Shirley
2015). Kauffmann et al. (2017) showed that HCN (1-0)
can be well detected in clouds at physical densities much
lower than the transition critical value. The presence
of the molecular species in the gas phase and the exci-
tation conditions are both significant to detections, and
the chemistry of the Bridge is not yet well constrained.
Thus, we use only our estimated density of 5.6×108 cm−3
for the magnetic field measurement at this time.
5. DISCUSSION
5.1. The Bridge and Streamers
Figure 4 shows that the inferred plane-of-sky mag-
netic field morphology is aligned mainly parallel with the
Bridge and the two streamers seen in IRAS 16293 (see
Section 4.2). We can use this preferred orientation to
investigate both the origin of these dense (∼ 108 cm−3)
filamentary structures as well as their impact on the star
formation process in IRAS 16293A and IRAS 16293B.
For simplicity, we focus on the Bridge material, assuming
the A-streamer and B-streamer have similar properties to
it.
5.1.1. Parallel Magnetic Fields in Larger-Scale Filaments
In this section, we compare the Bridge to observations
of larger-scale filaments and filamentary clouds that have
parallel field orientations. Planck Collaboration et al.
(2016) used thermal dust emission from Planck to char-
acterize the field structure for the largest sample of elon-
gated clouds to date. They found that that the clouds
with column densities > 5 × 1021 cm−2 had fields per-
pendicular to the cloud elongation and that the clouds
with column densities < 5 × 1021 cm−2 had parallel
fields. Similar field orientations are also seen from near-
infrared polarization measurements, which have superior
angular resolution to the Planck analyses. In the near-
infrared studies, low-density (∼ 1021 cm−2) striations
have magnetic fields parallel to their elongation, and
denser (∼ 1022 cm−2) filaments have fields that are per-
pendicular (e.g., Goldsmith et al. 2008; Chapman et al.
2011; Palmeirim et al. 2013; Franco & Alves 2015;
Panopoulou et al. 2016; Santos et al. 2016).
More recently, Monsch et al. (2018) identified a par-
allel magnetic field toward a dense filament, F2, in the
OMC1 region of the Orion molecular cloud. They used
NH3 observations from the VLA at 0.01 pc (2000 au)
scales to characterize the physical properties of F2 and
dust polarization observations on 0.03 pc (5000 au) scales
from Pattle et al. (2017) to determine its plane-of-sky
magnetic field orientation. Unlike the aforementioned
striations that have parallel field orientations, F2 is very
dense. Monsch et al. (2018) estimate its column density
at 1022.5−23 cm−2, which is at least an order of mag-
nitude higher than the column density threshold identi-
fied by Planck. The inferred magnetic field direction is
well aligned with F2. The plane-of-sky magnetic field is
typically within 11◦ of the filament orientation across a
length of 0.45 pc (4′).
The F2 filament is also kinematically active. It has
a velocity gradient across its long axis, and the filament
also appears to be aligned with the energetic outflow em-
anating from Orion BN/KL (Monsch et al. 2018). Re-
cently, Go´mez et al. (2018) showed that accretion along
filaments can bend magnetic field lines when the flow
along the filament is very high (see also, Seifried et al.
2013; Chen & Ostriker 2014). The resulting field struc-
ture would be “U-shaped”, because the field is dragged
along with the gas. Since the polarization observations
of F2 do not spatially resolve the filament, the U-shape
may not be itself resolved.
F2 has similar properties to the Bridge. Both share a
parallel field morphology and the Bridge is only an order
of magnitude smaller in scale and an order of magni-
tude higher in density (see Section 4.3) than F2. The
Bridge also does not show a U-shape field, even though
its filamentary structure is spatially resolved. Unlike F2,
however, the Bridge appears to be kinematically quies-
cent. It is distinct from the protostellar outflows and
its gas motions are consistent with no line-of-sight veloc-
ity gradient (van der Wiel et al. submitted). Molecular
spectra, however, do not trace transverse motions. If the
Bridge is primarily in the plane-of-the-sky, then we could
be missing its bulk gas flow. Indeed, both IRAS 16293A
10
and IRAS 16293B show spectral features indicative of
infall (e.g., Pineda et al. 2012). Since both stars are ac-
creting material, then the dust could be tracing gas flows
infalling onto the protostars rather than outflowing as in
F2.
5.1.2. Magnetic Fields Around Protostars on Small Scales
The IRAS 16293 dust polarization observations also
show a number of similarities to other recent studies
that examined dust polarization and magnetic fields in
the vicinity of protostars (. 1000 au scales). For sim-
plicity, we focus on studies that trace magnetic fields in
inner envelopes around protostars rather than in disks,
where dust polarization is primarily attributed to dust
self-scattering (e.g., Kataoka et al. 2016a; Stephens et al.
2017b; Hull et al. 2018).
Several recent ALMA studies of protostellar envelopes
have traced the dust polarization in low-mass and high-
mass systems at . 1000 au scales (e.g., Hull et al.
2017b,a; Cox et al. 2018; Maury et al. 2018; Koch et al.
2018; Kwon et al. 2018). These observations show a
wide range of inferred magnetic field morphologies. B335
(Maury et al. 2018) and L1448 IRS 2 (Kwon et al. 2018)
have relatively symmetric magnetic fields that are consis-
tent with expectations of a pinched, hourglass magnetic
field. The observations of B335, however, may be com-
plicated by strong dust polarization associated with the
outflow cavity walls (see also Serpens SMM1, Hull et al.
2017a). Cox et al. (2018) observed several protostars in
Perseus in dust polarization at 80 au resolution and found
mainly ordered polarization structures in their envelopes,
although they do not model the inferred magnetic field
morphology with hourglass shapes. Koch et al. (2018)
observed the W51 high-mass star-forming complex at
1000 au resolution and similarly found distinct mag-
netic field structures, ranging from streamlined channels
to converging zones and cometary shapes. By contrast,
Hull et al. (2017b) found a complicated and highly dis-
torted magnetic field morphology for Ser-emb-8 at 140
au resolution. Using magnetohydrodynamic (MHD) sim-
ulations, Hull et al. (2017b) concluded that the magnetic
field in Ser-emb-8 must be weak relative to gravity and
turbulence, such that the magnetic field itself is being
altered by the gas dynamics.
In the case of parallel magnetic fields within filamen-
tary structures, Koch et al. (2018) argued that gravity
will be unopposed and gas will be able to flow freely.
Such discrete gas flows have been seen in recent MHD
simulations of turbulent disk formation by Seifried et al.
(2013) and Seifried et al. (2015). In these simulations,
stars accrete mass and angular momentum anisotropi-
cally through one or a few narrow channels on scales of
∼ 100 au to ∼ 1000 au. These accretion channels are ex-
pected to be important and account for 50% of the mass
accreted onto the star and disk. Within these channels,
the magnetic field will be dragged with the accretion flow,
whereas on larger scales outside of the channels, the field
structure is expected to be disordered due to (even sub-
sonic) turbulence (Seifried et al. 2015). In Section 5.1.4
we construct a toy model to determine the properties of
such a flow.
5.1.3. Depolarization
In this section, we discuss how the depolarization
(lower polarization fractions) seen in the Bridge may cor-
respond to changes in dust grain properties or the mag-
netic field structure. We see zones of depolarization be-
tween the Bridge and B-Streamer and across the Bridge
near the midpoint between the two stars (see Figure 4).
The zones have a width of at least one beam, are spatially
resolved in several areas, and have clear dust emission.
Their Stokes I intensity is ∼ 3 mJy beam−1, which is
> 10 σI . Based on this intensity, we estimate a 4σPI
upper limit of 3%. This upper limit is comparable to the
polarization fractions seen along the edge of the depolar-
ization zones. Thus, we may simply lack the sensitivity
to detect the dust polarization in this region.
Nevertheless, we can conclude that the polarization
fractions in these zones are lower than elsewhere in the
Bridge. Lower polarization fractions can arise from less
effective grain alignment, disordered magnetic fields, or
unresolved magnetic field structure along the line of
sight (e.g., Padoan et al. 2001; Cho & Lazarian 2005;
Alves et al. 2014). Grain alignment depends on the time
scales necessary to align the spinning dust with the mag-
netic field where turbulence and gas drag can remove
this alignment. Large (& 10 µm) dust grains or dust
grains with less paramagnetic material are more diffi-
cult to align (e.g., Tazaki et al. 2017). Jørgensen et al.
(2016) showed a three-color image of IRAS 16293 us-
ing dust continuum observations at 0.87 mm, 1.3 mm,
and 3 mm from ALMA (see their Figure 3). This im-
age shows distinct regions of bluer colors in the Bridge
that correspond solely with the depolarization zones in
Figure 4. Bluer emission has a steeper spectral index
that may indicate higher temperatures or larger val-
ues of the dust emissivity index, β. Larger values of
β, however, are typically associated with smaller dust
grains (e.g., Ossenkopf & Henning 1994; Ormel et al.
2011; Testi et al. 2014), which should be more easily
aligned with the magnetic field. Therefore, we see no ev-
idence that the depolarization zones are due to changes
in the dust grains themselves.
The depolarization may instead be due to changes in
the magnetic field structure itself. As mentioned above,
the bluer emission seen by Jørgensen et al. (2016) can
also indicate slightly higher dust temperatures. If the
higher dust temperatures coincide with excess turbulence
or shocks, then the magnetic field in the depolarization
zones could be more disordered. Disordered fields are less
efficient at aligning dust grains and will have lower po-
larization fractions (e.g., Hull et al. 2017b; Seifried et al.
2018).
Alternatively, the depolarization zones may represent
unresolved magnetic field structure caused by the two
protostars. The two stars appear to dominate the gravi-
tational potential. IRAS 16293A has an estimated mass
of ∼ 0.5 − 1.0 M⊙ with IRAS 16293B at ∼ 0.1 M⊙
(Caux et al. 2011; Pineda et al. 2012; Oya et al. 2016).
These masses are roughly an order of magnitude higher
than our estimate of the Bridge mass (0.026 M⊙; see
Section 4.3). A flux-frozen magnetic field will therefore
be split by the gravitational influence of the two stars.
Indeed, Rao et al. (2009) identified an hourglass-shaped
field toward IRAS 16293A, and we see hints of a sepa-
rate pinched field morphology toward the outer edge of
IRAS 16293B. In this case, the depolarization zones may
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represent the regions where the field is being pulled in
opposing directions.
5.1.4. Toy Model
In this section, we construct a simple toy model of the
Bridge assuming that IRAS 16293A and IRAS 16293B
dominate the mass and gravitational potential of the
system (see Section 5.1.3). We model the Bridge by a
straight cylinder of length 2L = 740 au and negligible
mass. The adopted length for the cylinder represents the
full distance between IRAS 16293A and IRAS 16293B
scaled to our assumed distance of 140 pc (Jacobsen et al.
2018, van der Wiel et al. submitted). Two stars are
placed at either end of the cylinder. For simplicity, we
assume that the stars have the same mass, M and the
Bridge is in the plane of the sky.
A point mass along this toy cylinder will feel a grav-
itational pull from both stars. If the point mass is dis-
placed a distance x from the center of the cylinder, then
the gravitational acceleration it will feel is,
g = GM
[
1
(L− x)2 −
1
(L+ x)2
]
. (8)
Since the stars dominate the gravitational potential, the
point mass should fall toward the nearest star. As the
point mass moves from an initial position x0 to a new po-
sition x in the cylinder, it will gain kinetic energy corre-
sponding to the change in potential energy. The velocity
flow from this gain in kinetic energy is,
v2flow = v
2
0 +
4GM
L
[
1
1− (x/L)2 −
1
1− (x0/L)2
]
, (9)
where v0 is the initial velocity of the point mass at
position x0. The flow from rest can be written as
vflow = a
√
GM/L, where a is a constant that depends
on the change in position. In general, a is of order unity.
A point mass that moves from rest near the center of
the cylinder to a position halfway to the star will have
a = 1.2, with values that range from a = 0.5 for x = L/4
to a = 2.3 for x = 3L/4. Thus, we can expect flow rates
of vflow = 0.5 − 1.5 km s−1 for star masses between 0.1
and 1.0 M⊙.
We can compare the flow rate in our toy model with the
expected Alfve´n speed. The Alfve´n speed is comparable
to the sound speed in a magnetized medium and is given
by,
vA =
B√
4piρ
, (10)
where B is the magnetic field strength and ρ = µmHn
is the gas density. Using our values from Section 4.3, we
find vA = 1.2−4 km s−1, which is of similar order to the
flow speed, although there is a large range in both cases.
Trans-Alfve´nic or moderately sub-Alfve´nic magnetic field
may be strong enough to regulate the flow itself (e.g.,
Burkhart et al. 2009; Hull et al. 2017b). This regulation
could explain the relatively narrow range of velocities
seen across the Bridge by van der Wiel et al. (submitted).
We note that the expected gas flow is comparable to the
the magnitude of the velocity range seen in the Bridge.
If the Bridge is mainly in the plane of the sky, this flow
would not be easily detected (see Section 5.1.1).
We can also compute the time scale for the gas to flow
to each star. The gas flow time is given by τflow =
L/vflow = b
√
L3/GM , where b is a numerical constant
of order unity from integrating the velocity function in
Equation 9. For our toy cylinder, τflow ∼ 103 yr. This
time scale is much shorter than the expected ages for
these stars. Both IRAS 16293A and IRAS 16293B are
considered Class 0 objects, although they could have dif-
ferent ages from each other. The typical Class 0 lifetime
is ∼ 0.2 Myr (Dunham et al. 2015), which is two orders
of magnitude larger than the estimated flow rate. Unless
the gas in the Bridge is replenished, we would expect it
to be entirely depleted.
van der Wiel et al. proposed that the Bridge is the rem-
nant of the filamentary core that initially fragmented to
form IRAS 16293A and IRAS 16293B. If that is the case,
then the Bridge must be accreting new material. In their
MHD simulations, Go´mez et al. (2018) found that even
after star formation occurs, filaments could accrete gas
directly from their surroundings. The infalling gas only
curved away from the filament when in close proximity to
a dense star-forming hub. The magnetic field structure
in these cases should be perpendicular to the filament
to allow the gas to flow directly to it and then bend to
be parallel to follow the direction of the flow. Figure 4,
however, shows uniform magnetic fields that are parallel,
not perpendicular, to the Bridge. There is some evidence
of the field curving on the top edge of the Bridge, to-
ward the depolarization zone, but the orientation is still
mainly parallel. Since gas cannot flow across field lines
easily, we cannot conclude that the Bridge is accreting
new material. Either this accretion is not taking place
or gas is infalling onto the Bridge on larger scales than
what our ALMA data can recover. Additional, sensitive
observations that trace the magnetic field structure over
larger spatial scales may be able to rule out or confirm
accretion onto the Bridge.
Alternatively, the Bridge may not be a natal
structure and may instead be transient. Nu-
merous MHD simulations of collapsing cores have
produced stars with bars and spiral structures
through tidal forces, gravitational instabilities, or
fragmentation (e.g., Price & Bate 2007; Machida et al.
2008; Hennebelle & Teyssier 2008; Bu¨rzle et al. 2011;
Commerc¸on et al. 2011; Joos et al. 2013; Boss & Keiser
2013; Masson et al. 2016; Offner et al. 2016), and the ac-
cretion channels discussed in Section 5.1.2 can vary on
a few kiloyear timescales (Seifried et al. 2015). Many
of the aforementioned simulations also produce mate-
rial bridging young binary stars, much like what we see
in IRAS 16293, and these structures can change in size
and shape very quickly in a freefall timescale. If IRAS
16293A and IRAS 16293 are gravitationally bound to
each other, their orbital period from Kepler’s laws is
P = 6.3
√
L3/G(M1 +M2). This orbital period is of
similar order to the flow time scale assuming the stars
have the same mass. Therefore, the Bridge may instead
be a tidal feature of IRAS 16293 that will eventually dis-
sipate or transform into a different structure in the next
few thousand years.
5.2. Polarization of IRAS 16293B
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In this section, we examine the dust polarization of
IRAS 16293B specifically. Rao et al. (2014) observed
IRAS 16293 in 878 µm dust polarization with the SMA
at ∼ 0.6′′ (84 au) resolution, and more recently, Liu et al.
(2018) presented 6.9 mm polarization observations of
IRAS 16293B from the Karl G. Jansky Very Large Array
(VLA) at similar resolution to the present ALMA 1.3 mm
observations. Figure 9 compares our 1.3 mm ALMA dust
polarization e-vectors (violet) with the 6.9 mm VLA e-
vectors (green) form Liu et al. (2018). The two datasets
show remarkable agreement with each other in terms of
polarization fraction and position angle. The inferred
magnetic field structure in Figure 4 also shows excellent
agreement with the 878 µm polarization measurements
from Rao et al. (2014).
Figure 9. Comparison of ALMA 1.3 mm polarization (purple
e-vectors) with VLA 6.9 mm polarization (green e-vectors) from
Liu et al. (2018) toward IRAS 16293B. We use the Q-band e-
vectors with PF < 10% from the robust = 0 results for the Q-band
dust polarization for this comparison. For clarity, only those vec-
tors within ∼ 0.5′′ of the map center are shown. The background
image shows the debiased polarized intensities from Figure 3. The
ALMA and VLA beams are shown in the lower-left and lower-right
corners, respectively.
Rao et al. (2014) modeled their 878 µm dust polariza-
tion with a toroidal-like magnetic field. Nevertheless,
recent ALMA dust polarization studies of protostellar
disks have shown that polarization signatures can arise
from alternative mechanisms other than magnetic grain
alignment. These mechanisms include self-scattering
of dust grains in an anisotropic radiation field (e.g.,
Kataoka et al. 2015; Yang et al. 2016a; Pohl et al. 2016)
or grain alignment from the radiative torques themselves
(e.g., Lazarian & Hoang 2007; Tazaki et al. 2017). The
polarization signature from self-scattering and radiative
grain alignment can be predicted using the geometric
properties of the disk and its gradient of radiation. Fea-
tures such as inclination and gaps will affect the observed
gradient of radiation and the predicted polarization pat-
tern. Multiwavelength observations can help disentangle
these effects because we expect self-scattering to domi-
nate the polarization signature at shorter wavelengths,
when disks are optically thick, and radiative grain align-
ment at longer wavelengths, which primarily trace larger
(& 50 µm) dust grains (see also, Kataoka et al. 2017;
Stephens et al. 2017b; Yang et al. 2017).
For IRAS 16293B, we see consistent polarization pat-
terns from 878 µm (Rao et al. 2009), 1.3 mm (this work),
and 6.9 mm (Liu et al. 2018), which suggests that there
is a single polarization mechanism across these bands.
Alves et al. (2018) similarly found consistent polariza-
tion observations at 870 µm, 1.3 mm, and 3 mm for the
circumbinary disk of BHB07-11. They concluded that
the polarization pattern of BHB07-11 was inconsistent
with either self-scattering or radiative grain alignment,
and they instead suggested grain alignment from mainly
poloidal magnetic fields. Qualitatively, the polarization
signature toward IRAS 16293B is reminiscent of dust self-
scattering in a face-on disk (e.g., Kataoka et al. 2015;
Yang et al. 2016a). Figure 9 shows an ordered structure
that is azimuthal at its periphery and uniform within
one beam of its center. Although an azimuthal polariza-
tion morphology is expected in the case of radiative grain
alignment (Tazaki et al. 2017), this mechanism does not
predict uniform polarization toward the center, although
the latter is not well resolved. Moreover, the dust emis-
sion, especially at 878 µm and 1.3 mm, should be opti-
cally thick and therefore more likely to trace dust self-
scattering than any other mechanism.
The similarity between the 1.3 mm polarization and
6.9 mm polarization, however, is more surprising because
it suggests that even the radio frequency data are also
tracing dust scattering, even though such emission is usu-
ally considered optically thin. Nevertheless, Yang et al.
(2016b) argued that dust polarization observations of
IRAS 4A at 8 mm from Cox et al. (2015) can be entirely
attributed to dust self-scattering, so there are other cases
with self-scattering at radio frequencies. IRAS 16293B
in particular has a spectral slope of Sν ∼ ν2 even down
to 8 GHz frequencies (Chandler et al. 2005). Such spec-
tral slopes at radio frequencies can be attributed to ei-
ther optically thick emission (e.g., the dust emits as a
perfect blackbody rather than a modified blackbody)
or to very large dust grains that are > 1 mm (e.g.,
Natta et al. 2007; Kwon et al. 2009; Pinte et al. 2008;
Ricci et al. 2010; Testi et al. 2014). Both of these ex-
planations can produce a self-scattering signature at 6.9
mm. As stated above, dust scattering is most domi-
nant in optically thick disks. In addition, polarized self-
scattering is highly dependent on the grain size distri-
bution, and a detection at 6.9 mm implies grain sizes of
∼ 200−2000 µm (Kataoka et al. 2015), which agrees well
with the observed spectral slope. We note, however, that
this level of grain growth is higher than what has been
previously identified in this region (e.g., Chandler et al.
2005; Harada et al. 2017). Further analysis with dust
scattering models using the multiwavelength observa-
tions is still necessary to determine the maximum grain
sizes. If verified by models, these observations would
suggest that very large dust grains can form quickly in
young disks.
6. SUMMARY AND CONCLUSIONS
We present new ALMA 1.3 mm polarization obser-
vations for IRAS 16293. These data spatially resolve
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the polarization structure around the IRAS 16293A and
IRAS 16293B protostars that was previously seen in
lower resolution data. Our main results are:
1. We find extensive, highly ordered dust polarization
around IRAS 16293A and IRAS 16293B. We also
find ordered dust polarization across the Bridge of
dust between the two protostars.
2. The inferred magnetic field structure of IRAS
16293 is more chaotic than what was seen in pre-
vious lower resolution observations by Rao et al.
(2009). Disordered magnetic fields have been seen
in recent observational and theoretic work and may
indicate that turbulence is affecting magnetic fields
on small scales. There are hints of separate pinched
field morphologies for both IRAS 16293A and IRAS
16293B, but we lack short uv spacings to fully re-
cover the structure of the latter.
3. We also find that the inferred magnetic field mor-
phology in the Bridge, A-Streamer, and B-streamer
is aligned with the long axes of these filamen-
tary structures. Parallel magnetic fields have not
been broadly seen toward filamentary structures on
these scales (. 400 au) before and may represent
accretion channels discussed in simulations.
4. We characterize the Bridge properties and find a
mass of 0.026 M⊙, a density of 5.6× 108, in broad
agreement with previous measurements from ra-
diative transfer models (van der Wiel et al. sub-
mitted Jacobsen et al. 2018). We also measure
a field strength of 23 − 78 mG using the Davis-
Chandrasekhar-Fermi method.
5. This inferred magnetic field for IRAS 16293A and
IRAS 16293B is separated by zones of depolariza-
tion near the midpoint between both stars. We
find that this depolarization zone is correlated with
bluer dust emission as seen by Jørgensen et al.
(2016) and may indicate that the region has higher
dust temperatures. We suggest that the depolar-
ization represents unresolved magnetic field struc-
ture due to a transition in the field being dom-
inated by IRAS 16293A to being dominated by
IRAS 16293B, or to a more disordered field due
to higher degrees of turbulence.
6. We construct a toy model for the Bridge to as-
sess its formation and evolution. We find that ex-
pected gas flow rate of ∼ 1 km s−1 to each star
is comparable to the Alfve´n speed of the material,
which suggests that the magnetic fields could regu-
late the gas flow in the filamentary structures. We
also find that the time scale for gas to flow out of
the Bridge is ∼ 103 yr. This time scale is much
shorter than the Class 0 lifetime. If the Bridge is
part of the original natal filamentary system that
formed the protostars, it must accrete new mate-
rial directly from its surroundings. We see no evi-
dence of this accretion in our observations, but we
may lack the small spatial frequencies to recover
it. Alternatively, the Bridge may be a transient
structure produced by the gravitational interplay
between the forming stars.
7. We propose that the dust polarization seen to-
ward the IRAS 16293B disk is due to dust self-
scattering and not magnetic grain alignment. The
morphology of the disk polarization is consistent
with predictions of dust self-scattering for a face-on
disk and dust self-scattering is the favored mech-
anism for optically thick disks (Yang et al. 2017).
Liu et al. (2018) find similar polarization fractions
and position angles in this disk at 6.9 mm. If both
the 1.3 mm and 6.9 mm polarization observations
are due to dust self-scattering, then IRAS 16293B
has formed dust grains sizes with sizes between
∼ 200− 2000 µm.
These observations highlight the benefit of high angu-
lar resolution dust polarization studies. Previous lower
resolution data did not capture the relationship between
the inferred plane-of-sky magnetic field direction and the
elongated, filamentary dust features in IRAS 16293. The
parallel alignment between the inferred magnetic field
and the filamentary structures around the young stars
is a unique feature. Future theoretical work will need
to understand the origin of this parallel magnetic field
structure and the impact it may have on the evolution of
the young stars.
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